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ABSTRACT 
Fishes are known to contribute substantially to energy and nutrient fluxes in reef 
ecosystems, but quantifying these roles is challenging. Here we do so by synthesizing 
a large compilation of fish metabolic-rate data with a comprehensive database on 
reef-fish community abundance and biomass. Individual-level analysis support 
predictions of Metabolic Theory after averaging across significant family-level 
variation, and indicate that tropical reef fishes may already be experiencing thermal 
regimes at or near their temperature optima. Community-level analyses indicate that 
total estimated respiratory fluxes of reef-fish communities increase >2-fold from 22- 
28°C. Comparisons of estimated fluxes among trophic groups highlight striking 
differences in resource use by communities in different regions, perhaps partly 
reflecting distinct evolutionary histories, and support the hypothesis that piscivores 
receive substantial energy subsidies from outside reefs. Our study demonstrates one 
approach to synthesizing individual- and community-level data in order to establish 
broad-scale trends in contributions of biota to ecosystem dynamics. 
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INTRODUCTION 
Reef fishes are a diverse group of vertebrates, comprising > 6,000 species 
(Parravicini et al. 2013). They play key roles in the ﬂow of energy and nutrients 
through many reef ecosystems (Polovina 1984; Arias-Gonzalez et al. 1997; Bozec et 
al. 2004), but quantifying these roles, and how they may be affected by future climate 
change, remains an important research challenge (Wilson et al. 2010). An essential 
step in meeting this challenge entails characterizing the trophic structures and energy 
fluxes of reef-fish communities, and how they vary with broad-scale gradients in key 
variables such as temperature and productivity. 
Metabolic rate is a fundamental determinant of an organism’s contribution to 
energy and nutrient flux in an ecosystem (Brown et al. 2004; Allen et al. 2005). The 
metabolic rate per unit body mass (i.e. mass-specific rate) generally declines with 
body mass, but increases with temperature (Gillooly et al. 2001; Brown et al. 2004). 
Consequently, given that the energy flux of a community is equal to the sum of the 
individual metabolic rates (Allen et al. 2005), changes in temperature, size structure, 
and/or standing biomass of a given community may affect its energetics and resource 
use, and hence its contribution to ecosystem structure and function (Sandin et al. 
2008; Mora et al. 2011; McDole et al. 2012). Conversely, communities that are 
distinct with respect to these variables may be energetically similar (Fig. 1). The 
metabolic theory of ecology (MTE; Brown et al. 2004) yields predictions for how 
community abundance, biomass, and energy flux should change with size structure, 
temperature, and ecosystem productivity (Allen et al. 2005; Yvon-Durocher & Allen 
2012; Trebilco et al. 2013), but there have been few attempts to test such predictions 
(but see Lopez-Urrutia et al. 2006; O'Connor et al. 2009; McDole et al. 2012), 
particularly at broad spatial scales. 
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Here we use MTE as a framework to synthesize individual- and community- 
level data and analyses (Fig. 1) in order to estimate energy fluxes and trophic 
structures of reef-fish communities and how they change along broad gradients of 
temperature and productivity. Our approach builds on other recent studies that use 
MTE to quantify the energetics of marine communities and ecosystems (Lopez- 
Urrutia et al. 2006; O'Connor et al. 2009; McDole et al. 2012), and a much larger 
body of earlier work that yielded predictions on ecosystem dynamics by summing 
metabolic rates of individuals (e.g. Polovina 1984). The community-level database we 
use encompasses 49 reef sites in eight regions, 496,748 individuals, and 989 species. 
While a number of studies have assessed spatial gradients in biomass and abundance 
for reef fishes (e.g. Mora et al. 2011), to our knowledge, no studies have attempted to 
quantify energy fluxes of reef-fish communities at such broad spatial scales. 
Our analysis entails two distinct components. First, we quantify metabolic 
rates of fish and their primary determinants and, in so doing, test three predictions of 
MTE (hypotheses H1 – H3 detailed in Methods). Second, we scale up the individual- 
level scaling relationships to first estimate energy fluxes of communities (e.g. Allen et 
al. 2005; Yvon-Durocher et al. 2012) (Fig.1), and then derive and test predictions on 
how community-level energy flux should vary with temperature and net primary 
productivity (NPP) if specific community- and ecosystem-level assumptions are 
upheld (hypotheses H4 – H5). For this second component, we synthesize individual- 
and community-level data and analyses using a Bayesian approach, building on recent 
work (Yvon-Durocher & Allen 2012). 
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
5METHODS 97 
Individual-level hypotheses 98 
Hypothesis H1: Metabolic rate will increase sub-linearly with body mass according 99 
to a power function with a scaling exponent α ≈ 0.75. 100 
The single best predictor of metabolism across the diversity of life is body 101 
mass (Gillooly et al. 2001; Brown et al. 2004), which varies by > 6 orders of 102 
magnitude among reef fishes (Froese & Pauly 2012). The effect of individual body 103 
mass,  (g), on metabolic rate,  (g C d-1), can be characterized by a power function 104 
of the form 105 
106 
  	 (Eq. 1) 
107 
where  is a metabolic normalisation (g C gα d-1) that varies among taxa and with108 
other variables (Brown et al. 2004). The dimensionless scaling exponent  is109 
generally < 1 for metazoans, indicating sublinear scaling with body mass, and also 110 
varies among metazoan taxa, with an average of ~0.75 (Savage et al. 2004). Previous 111 
analyses suggest that basal metabolic rates of fish may exhibit a somewhat steeper 112 
size scaling (i.e. α ≈ 0.80; Clarke & Johnston 1999). Here we assess the scaling of 113 
routine metabolic rate, which corresponds to the rate of energy expenditure required 114 
by a fish in the field to sustain survival, growth, and reproduction. 115 
116 
Hypothesis H2: Metabolic rate temperature dependence can be approximated by the 117 
Boltzmann relationship with an activation energy 	
 	0.6 – 0.7 eV at temperatures118 
below the optimum, .119 
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6Another key determinant of metabolic rate is temperature. In general, 120 
metabolic rate exhibits a unimodal response (Huey & Stevenson 1979) such that the 121 
effects of temperature are positive and exponential at temperatures well below the 122 
temperature optimum owing to biochemical kinetics (Gillooly et al. 2001), but 123 
negative above this optimum owing to protein denaturation and other processes that 124 
compromise biological function (bottom right plot of Fig. 1). Here we model these 125 
effects of temperature on the metabolic normalisation,  from Eq. (1), using the126 
following expression (see Online Supplement), 127 
128 
  	 	–	  (Eq. 2a) 
  1  ! 	
	 " 	
# 
$! %&'	–	
#(
)
(Eq. 2b) 
129 
where 	is the value of the metabolic normalisation at some arbitrary absolute130 
temperature  (K), and * is Boltzmann’s constant (8.62 × 10-5 eV K-1). In this131 
expression, the Boltzmann relationship,  +,-	–	 +,-, describes temperature-induced 132 
enhancement of rates using an activation energy, 	
 (eV), consistent with previous133 
MTE work (Gillooly et al. 2001; Allen et al. 2005), whereas	 characterizes134 
declines in rates above  using an inactivation parameter 	 (Schoolfield et al.135 
1981). The existence of a temperature optimum implies that 	 . 	
. Previous work136 
indicates that 	
 varies among taxonomic groups, with an average of ~0.65 eV, which137 
corresponds closely to the average activation energy of metabolic reactions in the 138 
respiratory complex (Gillooly et al. 2001). In the absence of temperature inactivation, 139 
this value for 	
 would imply a ~3.3-fold increase in individual energy flux over the140 
range of temperatures experienced by reef fishes (~18-32°C). However, if the upper 141 
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7bound of this range is at or near the temperature optimum for reef-fish species, as 142 
suggested by some recent work (Gardiner et al. 2010), the overall temperature 143 
response will be weaker. We can evaluate this hypothesis by statistically comparing 144 
models fitted with and without the inactivation term, , in Eq. (2).145 
146 
Hypothesis H3: The size- and temperature-corrected rate of metabolism, , is147 
independent of average thermal regime. 148 
While the exponentially effects of temperature on biochemical reaction rates 149 
have long been recognized, organisms utilize diverse physiological mechanisms to 150 
maintain homeostasis in different thermal regimes (Hochachka & Somero 2002). 151 
Consequently, some have argued that physiological acclimation and/or evolutionary 152 
adaptation may allow organisms that occupy distinct thermal regimes to modulate 153 
acute temperature effects, as expressed in Eq. (2), through changes in  (Clarke154 
& Fraser 2004). We can evaluate this hypothesis by fitting a function of the form 155 
156 
  ////////	0〈 〉) 		 (Eq. 3) 
157 
where //////// is the size- and temperature-corrected metabolic rate of an organism158 
whose average thermal regime is 〈1 *⁄ 〉, and 	4 characterizes any changes in this159 
rate with average thermal regime, 〈1 *⁄ 〉. We refer to 	4 as an adaptation parameter160 
(rather than an activation energy) because it cannot be justified based on simple 161 
biochemical kinetics. Nevertheless, it provides a useful benchmark for comparison 162 
with the activation energy, 	
, in Eq. (2) above. The evolutionary adaption163 
hypothesis, as articulated by Clarke and Fraser (2004), proposes that  is164 
generally higher for taxa adapted to cooler environments, implying that 	4 > 0 in Eq.165 
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////////   ln  	4 !〈 1*〉 "
1
* 	#  	
 !
1
* 	–	
1
*#
" ln1  ! 	
	 " 	
# 
$! %&'	–	
#(
(Eq. 4) 
179 
We evaluate these predictions using metabolic-rate data compiled in FishBase (Froese 180 
& Pauly 2012), along with additional reef-fish data compiled from the recent 181 
literature (Appendix). The FishBase data we analyse includes all measurements of 182 
routine metabolic rate that have accompanying size and temperature data, except 183 
measurements denoted as being taken under stressful conditions. To allow for the 184 
assessment of differences among families in the temperature scaling of rates 185 
(described below), we only include data from families with at least 5 metabolic rate 186 
measurements over at least a 5°C temperature range. Data for two families 187 
(3). By contrast, if 	4 ≈ 0,  is essentially independent of thermal regime, as 
assumed in the original MTE formulation (Gillooly et al. 2001), meaning that 
temperature scaling of rates is similar within and among taxa. Distinguishing between 
these alternative hypotheses is particularly relevant here because the existence of 
temperature adaptation (	4 > 0) would imply that the overall temperature-induced 
enhancement of rates for communities that occupy warmer environments is weaker 
than predicted based solely on the activation energy 	
.
Testing hypotheses H1 – H3 
The predicted effects of body size ( ≈ 0.75), temperature (	
 ≈ 0.6–0.7 eV), 
and thermal regime (	4 ≈ 0 eV) can be evaluated by combining Eqs. (1) – (3) and 
then taking logarithms to yield 
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∆	
, ∆, ln////////). Random effects were assumed to be normally distributed, with200 
means of 0, so the fixed effects , 	
,  and ln //////// correspond to family-level201 
averages. Given that thermal regime, 〈1 *⁄ 〉, was calculated based on the average of202 
the inverse absolute temperature measurements for each family, our approach is 203 
mathematically similar to the one described by van de Pol and Wright (2009) for 204 
distinguishing within- versus between-group effects using mixed-effects models. 205 
A parsimonious model that included only the most informative parameters 206 
was constructed using maximum likelihood (Zuur et al. 2009) (Table S1.1). This 207 
parsimonious model was then refitted using a Bayesian procedure by calling JAGS 208 
from the R package R2jags in order to determine posterior distributions and 209 
associated 95% credible intervals (CIs) for the fitted parameters (R code available at 210 
https://github.com/dbarneche/ELEBarneche). A key advantage of the Bayesian 211 
approach for this analysis was that it allowed us to assess how statistical uncertainties 212 
(Carangidae and Coryphaenidae) were, however, excluded because preliminary 
analyses indicated that they were outliers with respect to scaling behaviour, and 
therefore prevented statistical models (described below) from converging on stable 
parameters estimates. In total, our compilation of metabolic rate data encompasses 
2,036 measurements taken from 43 families and 270 species of marine and freshwater 
fish, including 40 reef-fish species. 
Effects of size and temperature were assessed by fitting Eq. (4) to metabolic 
rate data using non-linear mixed-effects modelling in the R package lme4 (Tables 
S1.1–2). During model fitting, thermal regime (	4) and temperature inactivation (	) 
were treated as fixed effects. Size (, temperature activation (	
), optimum 
temperature (), and the size- and temperature-corrected rate (ln ////////) were 
treated as having both fixed effects and random effects that varied by family (∆,
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10
in our estimates for the size- and temperature-scaling of fish metabolic rates 213 
influenced the precision of community-level estimates of size-corrected biomass and 214 
energy flux (see hypotheses H4 – H5 below). 215 
216 
Community-level hypotheses 217 
Hypothesis H4: Holding ecosystem net primary productivity constant, size-corrected 218 
biomass should decline with increasing temperature. 219 
Community-level flux is equal to the sum of the individual fluxes. Thus, 220 
annual respiratory carbon flux for a heterotroph community comprised of :221 
individuals in an ecosystem of area A, ; (g C m-2 yr-1), equals the sum of the time-222 
integrated individual-level respiration rates,	< =>=?@?A , over the time interval t = 0 223 
d to t = τ = 365 d, 224 
225 
;  1 B⁄ CD =>=
?@
?A
E-
?

 F	〈)〉 〈	
	–	
〉@
(Eq. 5) 
226 
where 〈	 +,-	–	 +,-〉@ is time-averaged temperature kinetics (Yvon-Durocher et227 
al. 2012), which is calculated by integrating temperature variation through time, T(t) 228 
(=1 F⁄  < 	 +,-	–	 +,-'=>=?@?A ). Community-level size structure is 229 
characterized as 〈)〉  1 B⁄ ∑ E-? , where   is total community230 
biomass per unit area ( 1 B⁄ ∑ E-? , and 〈)〉 is the biomass-weighted231 
average for ) (=H∑ E-? I/H∑ E-? I) (Allen et al. 2005).232 
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We refer to the product 〈)〉 as ‘size-corrected biomass’ because size 233 
correction, by 〈)〉, accounts for declines in mass-specific metabolic rate,	 	⁄ ,234 
with increasing size. This size-related decline is, in turn, predicted by MTE to reflect 235 
declines in respiratory capacity (Allen & Gillooly 2009). Consequently, 〈)〉236 
is predicted to be proportional to the total respiratory capacity of the community on a 237 
per-unit-area basis (Yvon-Durocher & Allen 2012). Thus, calculation of size-238 
corrected biomass facilitates comparisons of respiratory capacity and energy flux 239 
among communities that differ in size structure and standing biomass (Fig. 1). 240 
To derive hypothesis H4 using Eq. (5), we note that the reef-fish community 241 
garners some fraction, K, of annual NPP, L, meaning that KL  ;, and therefore242 
that 243 
244 
ln〈)〉  lnMK ⁄ N  lnMLN
" ln O〈	 	–	 〉@P
(Eq. 6) 
245 
Holding temperature constant, Eq. (6) predicts a proportional increase in total size-246 
corrected biomass with NPP owing to greater food availability, implying a slope of 1 247 
for the second term, lnL. Holding NPP constant, it predicts an inverse relationship248 
with time-averaged temperature kinetics owing to increases in per-individual 249 
metabolic demands, implying a slope of -1 for the third term. Importantly, these 250 
predictions only hold if the fraction of that carbon consumed by the fish community, 251 
K, and the size- and temperature-corrected metabolic rate, , are both252 
independent of thermal regime, and if reefs are relatively closed systems with respect 253 
to the production and consumption of reduced carbon. The closed-system assumption, 254 
in particular, may not hold true (Hamner et al. 1988; Hatcher 1990), but nevertheless 255 
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ln ;Q;R  ln
Q〈)〉QR〈)〉R S 0 (Eq. 7) 
274 
where Q〈)〉Q ( 1 B⁄ ∑ EU?  is the size-corrected biomass for :Q275 
piscivorous individuals in a defined area A,  and R〈)〉R ( 1 B⁄ ∑ EV?  is276 
the size-corrected biomass for :R herbivorous individuals in this same area.277 
Importantly, productivity, L, and time-averaged temperature kinetics,278 
provides a point of departure for deriving and testing predictions. Thus, Eq. (6) 
provides a useful benchmark for assessing the extent to which one or more of these 
assumptions have been violated. 
Hypothesis H5: Size-corrected biomass should be lowest at the highest trophic level. 
Energy is lost from the system as energy is transferred between trophic levels 
(Lindeman 1942). Owing to these losses, if reef fishes consumed only autotrophs or 
other fish occurring on the reef, the fraction of reef NPP garnered by piscivorous fish 
(KQ would be constrained by energy balance to be lower than that of herbivorous fish 
(KR, meaning that KQ/KR < 1. Complications arise, however, because reef fishes 
consume diverse prey items other than autotrophs and fish, including gastropods and 
zooplankton. Moreover, higher trophic levels, particularly apex predators such as 
sharks, may receive substantial energy subsidies from outside the system (Trebilco et 
al. 2013). 
Despite these complications, we can extend Eq. (6) to empirically assess 
whether energy fluxes of piscivores, ;Q, are lower than those of herbivores, ;R, using 
data on size-corrected biomass, 
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13
〈	 +,-	–	 +,-〉@, both drop out of Eq. (7). Consequently, ratios of size-corrected279 
biomass for pairs of trophic groups can be meaningfully compared among 280 
communities that differ in size structure, NPP, and temperature. These ratios provide 281 
a useful, albeit indirect, means of assessing the importance of prey items other than 282 
fish. If, for example, the size-corrected biomass of invertivores were higher than that 283 
of herbivores in a given community, this would represent direct evidence that the 284 
fishes garners more of its energy from invertebrates than from direct consumption of 285 
NPP. 286 
287 
Testing hypotheses H4 – H5 288 
We evaluated hypotheses H4 – H5 using community-level data on reef-fish 289 
abundances and body lengths collected from 49 sites (islands, atolls and coastal 290 
contiguous reefs), including 14 sites in the South-western Atlantic and its oceanic 291 
islands, 1 site in the Caribbean, 2 sites in the Tropical Eastern Atlantic, 1 site in the 292 
Tropical Eastern Pacific, 4 sites in the Central Pacific, 2 sites in the South-eastern 293 
Pacific, and 25 sites in the South Pacific (Table S2.1). Each species was assigned to 294 
one of five trophic groups (herbivores, omnivores, planktivores, invertivores and 295 
piscivores) using information in the published literature, online databases, and expert 296 
judgment (Appendix). 297 
Community-level estimates of size-corrected biomass were inferred from the 298 
abundance and body length data by first estimating wet weights of individuals using 299 
power-function length-weight conversion formulas compiled from the literature and 300 
online databases (Appendix). Fluxes were then estimated by combining size-corrected 301 
biomass values with weekly estimates of mean annual sea-surface temperature 302 
obtained from the CorTAD database between 1997–2007 (Selig et al. 2010). 303 
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〈	 +,-	–	 +,-〉@, and community flux, ;, based on the joint posterior319 
distributions of the fitted parameters for 	
, 	, , , and //////// (in g C m-2 yr-1),320 
as determined using Bayesian methods. 321 
We evaluated whether the size-corrected biomass of planktivores increased 322 
with LQ, and declined with increasing time-average temperature kinetics (hypothesis323 
H4), using standard multiple regression. Two-tailed t-tests were used to assess 324 
whether the observed slopes differed from expected values. ANCOVA was used to 325 
assess whether log-ratios of size-corrected biomass (Eq. 7) varied in response to 326 
temperature and among trophic groups (hypothesis H5). Overall differences in 327 
community structure among regions, as indexed by trophic-specific log-ratios of size-328 
Although many reef studies have reported estimates of net community 
productivity (NCP; Hatcher 1990), NCP does not represent the total energy available 
to the heterotrophic community. Rather it is the fixed carbon that remains after 
heterotrophic consumption (= gross ecosystem photosynthesis – total ecosystem 
respiration). Conversely, estimates of ecosystem-level reef NPP are scarce in the 
literature (Gattuso et al. 1998; Naumann et al. 2013). Indeed, we are aware of only 
one study that estimated it (Odum & Odum 1955). Consequently, we evaluated 
Hypothesis H4 for planktivorous fish (i.e. pelagic consumers) using estimates of 
pelagic NPP (hereafter LQ, g C m-2 yr-1) derived from SeaWIFS (Behrenfeld & 
Falkowski 1997). Cautious interpretation is, however, warranted because planktivores 
may obtain primary production from a larger area owing to oceanic currents (Hamner 
et al. 1988). Data from Abrolhos (south-western Atlantic) were excluded from this 
analysis because no planktivores were recorded. Uncertainties in the scaling 
relationships of individual-level metabolic rates were accounted for by calculating 
size-corrected biomass, 〈)〉, time-averaged temperature kinetics,
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corrected biomass, were assessed using MANOVA, as is the standard procedure for 329 
analysing differences in compositional data (Aitchison 2003). Due to a lack of 330 
planktivores, Abrolhos was also excluded from this analysis. 331 
332 
RESULTS AND DISCUSSION 333 
Individual-level hypotheses H1 – H3 334 
The parsimonious metabolic rate model yields estimates for the overall size- 335 
and temperature-scaling relationships – representing family-level averages – that 336 
closely match MTE Predictions (Tables 1, S1.1–3; Figs. 2, S1.1–3). Consistent with 337 
hypothesis H1, the overall effect of size, characterized by the scaling exponent	, is338 
statistically indistinguishable from 0.75, implying sub-linear scaling (i.e.  < 1),339 
which provides theoretical justification for ‘size-correcting’ biomass at the 340 
community level. Consistent with hypothesis H2, the activation energy, 	
, is341 
statistically indistinguishable from the predicted range of ~0.6–0.7 eV. And consistent 342 
with hypothesis H3, the adaptation parameter 	4 is not significant (likelihood ratio343 
test: WX = 2.57; d.f. = 1; P = 0.1086; Table S1.1), and is therefore excluded from the344 
parsimonious model (Tables 1, S1.1–2). Thus, size- and temperature-corrected rates 345 
appear to be largely independent of thermal regime. 346 
Importantly, however, the temperature inactivation term  (Eq. 2b), is347 
highly significant (likelihood ratio test: WX = 124.18; d.f. = 5; P < 0.0001), yielding348 
evidence of high-temperature inactivation (	), and hence a temperature optimum349 
(), for metabolic rates of fish (Fig. S1.4). By incorporating these parameters into350 
the metabolic rate model, our analysis expands upon early MTE efforts that described 351 
the temperature dependence of biological rates based solely on the Boltzmann 352 
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∆), and size- and temperature-corrected rates (∆56////////) (Figs. 2, S1.1). Thus,370 
while our metabolic-rate model supports MTE predictions for fish as a group, it also 371 
quantifies deviations from general trends by incorporating random effects attributable 372 
to taxonomy. For example, our estimate of 0.57 for the standard deviation of 373 
∆ln//////// (Table S1.3) implies that metabolic rate varies, on average, by about 3-fold374 
( XYA.[\) among families after accounting for size and temperature. By explicitly375 
accounting for such deviations, modelling approaches such as ours may help to 376 
resolve controversies surrounding the generality of metabolic scaling relationships 377 
relationship (e.g. Gillooly et al. 2001; Brown et al. 2004; Allen & Gillooly 2009), 
consistent with other recent MTE work (e.g. Amarasekare & Savage 2012). 
Of particular relevance, our estimate for the family-level average for , 
33˚C (95% CI: 29 – 40˚C, Table 1), overlaps with the maximum temperature 
observed in our sampled tropical reefs (maximum temperature at the sampled sites 
from CorTAD: 32.55˚C). Analyses of standard metabolic rate data yield further 
evidence of a temperature optimum (Fig. S1.5). These findings represent independent 
evidence that at least some marine fish taxa are already experiencing thermal regimes 
at or near their temperature optima (Gardiner et al. 2010), perhaps constraining the 
capacity of fish communities (and reef ecosystems more generally) to respond to 
climate change (Rummer et al. 2013). Still, it is important to recognize that the data in 
our analysis encompass a mixture of acute and longer-term temperature responses, 
and that temperature acclimation can occur over multiple generations (Donelson et al. 
2012). Thus, our findings highlight the need for further investigations on biochemical 
mechanisms and time scales of temperature acclimation and adaptation in fish. 
After accounting for overall trends using fixed effects, our model reveals 
substantial family-level variation in size scaling (∆), temperature scaling (∆	
,
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384 
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387 
〈)〉 relative to variation among sites (represented by 95% CI bars in Fig.388 
S2.2). Posterior distributions were therefore averaged to obtain the community-level 389 
estimates used in subsequent analyses. 390 
In disagreement with hypothesis H4 (Eq. 6), the logarithm of size-corrected 391 
biomass for planktivores is not correlated with time-averaged temperature kinetics 392 
(ln O〈	 +,-	–	 +,-〉@P) or near-pelagic NPP (lnMLQN) in a multiple regression393 
analysis (F = 0.65, P = 0.52). However, after excluding from our analysis six coastal 394 
sites in the South-western Atlantic (below 17°S), all of which are exceptionally turbid 395 
(Fig. S2.3), size-corrected biomass increases significantly (P < 0.001) and 396 
approximately proportionally with LQ, in agreement with hypothesis H4, as indicated397 
by a log-log slope near 1 from the multiple regression model (1.74, t-test: P = 0.06; 398 
Fig. 3). These findings suggest that planktivore abundances on reefs are constrained 399 
by LQ provided that turbidity is not so high that it hampers planktivore feeding400 
(Johansen & Jones 2013). More generally, they suggest that, despite evidence 401 
indicating that local, site-specific hydrodynamics can influence food availability to 402 
(e.g. Agutter & Wheatley 2004). While the parsimonious model does indicated 
family-level deviations from  and 	
, 81% of the families had 95% CIs for size- 
scaling exponents that included the predicted 0.75, and 98% of families had 95% CIs 
for activation energies that included 0.6–0.7 eV. And, notably, scaling relationships 
for reef fishes are similar to those of other species (Fig. 2, blue circles).
Community-level hypotheses H4 – H5 
Propagation of the uncertainties from the individual-level metabolic rate 
model to community-level estimates of size-corrected biomass demonstrates that this 
source of uncertainty introduces error of small magnitude in the estimates of 
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reef planktivores (Hamner et al. 1988), LQ is nevertheless a useful proxy of food 
availability for reef planktivores at broad spatial scales. Excluding the six turbid sites, 
the log-log slope of the relationship between size-corrected biomass and time- 
averaged temperature kinetics is also highly significant in the multiple regression 
model (P = 0.004), but substantially steeper than the predicted -1 (-7.76, t-test: P = 
0.01), implying that planktivorous reef fishes garner a progressively smaller fraction 
of LQ as water temperature increases (Fig. 3c).
Community trophic structure, as indexed by four log-ratios of size-corrected 
biomass (piscivore-to-herbivore, invertivore-to-herbivore, planktivore-to-herbivore, 
and omnivore-to-herbivore, following Eq. 7), differ significantly between regions 
(MANOVA: P < 0.0001; Fig. 4), indicating striking differences in resource use 
among reef-fish communities. For example, size-corrected biomass of planktivores is 
proportionally higher in the Tropical Eastern Atlantic (63%) than the other regions (≤ 
15%; Fig. 4), supporting the idea that plankton can be important energy resources to 
reef fishes (Hamner et al. 1988). Remarkably, these differences in trophic structure 
are uncorrelated with temperature regime (ANCOVA: P = 0.5440; Fig. S2.2), 
suggesting primary roles for unmeasured historical factors related to divergent 
evolutionary histories of distinct fish faunas (Bellwood & Wainwright 2002; Kulbicki 
et al. 2013). Additionally, fishing pressure varies considerably among the sites 
included in our analysis, and can alter community structure (Jackson et al. 2001; 
Sandin et al. 2008; Mora et al. 2011; Friedlander et al. 2013) in diverse ways (Kronen 
et al. 2012). Disentangling human impacts requires careful selection of sites along 
disturbance gradients (e.g. Sandin et al. 2008; McDole et al. 2012), and may be 
informed by the energetic approach adopted here. 
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Size-corrected biomass also differed among trophic groups, as indicated by 
significant differences in the averages of the four log-ratios  (one-way ANOVA: P < 
0.0001). Consistent with hypothesis H5, the piscivore-to-herbivore logratio (Eq. 7), as 
well as the planktivore-to-herbivore logratio, had averages < 0 (two-sided t-tests: both 
P < 0.001), meaning that size-corrected biomass values (and hence energy fluxes) of 
both groups were less than those of herbivores. However, the mean omnivore-to- 
herbivore and invertivore-to-herbivore log-ratios were not significantly different from 
0 (two-sided t-tests: P = 0.94 and P = 0.29, respectively). Post-hoc analyses (Tukey 
HSD) of pairwise differences among log-ratios allow us to construct an average 
‘stoichiometry’ of size-corrected biomass: 4.17 invertivores : 3.09 herbivores : 2.77 
omnivores : 1.30 piscivores : 1 zooplanktivore. Thus, in terms of size-corrected 
biomass, and hence energetics, our results suggest that, on average, invertivores are 
the most important trophic group in reef-fish communities. These findings indicate 
that reef-fish communities generally obtain more energy from consumption of 
invertebrates than from direct consumption of NPP. 
Notably, our calculated stoichiometry for size-corrected biomass implies that, 
on average, energy flux by piscivores is only ~2.38-fold lower than that of herbivores 
(i.e. 2.38 ≈ 3.09/1.30). This difference is markedly less than would be predicted if 
piscivorous reef fish directly or indirectly obtained all of their energy from 
herbivorous reef fish: assuming a difference of > 2 trophic-position units between 
herbivores and piscivores (Hussey et al. 2014) and a Lindeman (1942) efficiency of 
~0.10 between adjacent trophic levels, the predicted difference would be > 100-fold 
(i.e. > 0.10
2
). Given that our size-corrected biomass estimates already account for 
changes in energy use in biomass turnover related to size, body size alone appears 
insufficient to account for the observation that some pristine reefs are ‘top-heavy’, 
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with most biomass in large, apex predators (Sandin et al. 2008; Friedlander et al. 
2013). Rather, our results support the hypothesis that such top-heavy pyramids arise 
primarily because higher trophic levels receive substantially greater energetic 
subsidies from sources other than reef fish (Trebilco et al. 2013). Contributing factors 
may include high mobility for large piscivores (Werry et al. 2014), which may allow 
them to garner more energy from areas outside the reef. 
More detailed inspection of our size-corrected biomass estimates highlights 
the importance of size correction for broad-scale comparative analyses. For instance, 
the percentage standing biomass of piscivores is very high (47%) at the quasi-pristine 
Isla del Coco (only site in the Tropical Eastern Pacific, Fig. 4a). This pattern reflects 
the relatively high abundance of large predators, such as the hammerhead shark 
Sphyrna lewini (average biomass of 29.5 kg/sampled individual), which 
comprises 5% of the standing biomass, but only 2% of the size-corrected biomass. 
Conversely, the territorial damselfish Stegastes arcifrons (average biomass of 0.078 
kg/individual) contributes 5% of the standing biomass, but 9% of size-corrected 
biomass. Consequently, after size correction, relative biomass of piscivores at Isla del 
Coco becomes significantly smaller (Fig. 4b). These calculations support the assertion 
that smaller, more abundant fish (e.g. Gobiidae) are often the primary contributors to 
energy flux in reef-fish communities (Ackerman et al. 2004; Depczynski et al. 2007). 
Total respiratory fluxes of fish communities (Eq. 5) increase, on average, 
~2.3-fold between 22–28°C (Fig. 5). Similar results are obtained if regional effects 
are explicitly controlled for (Appendix). These respiratory flux estimates are 
conservative because they exclude contributions of nocturnal fish and of fish <10 cm 
(Fig. S2.1). Still, they exceed estimates of pelagic NPP for 8 of the 49 sites, consistent 
with observations that the vast majority of primary production on reefs is benthic in 
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origin (Polovina 1984; Naumann et al. 2013) and that reef productivity is often 
substantially higher than the surrounding oceans (Hatcher 1990). The observed 
increases in total rates of respiration by reef fish with temperature imposes important 
constraints on the dynamics of reef ecosystems because it implies one or more of the 
following in the warmest reefs: fish are garnering a larger fraction of reef NPP, reef 
NPP is increasing, and/or reefs are receiving greater energy subsidies. Distinguishing 
among competing mechanisms will require far more extensive data on reef NPP, 
which is estimated using an approach similar to the one adopted here by first 
characterizing the photosynthetic rates and metabolic demands of autotrophic 
individuals, and then scaling these fluxes up to entire reef ecosystems (e.g. Odum & 
Odum 1955; Naumann et al. 2013). Thus, the hierarchical statistical approach adopted 
here, which entails scaling from individuals to ecosystems by explicitly incorporating 
both idiosyncratic random effects (e.g. taxonomy) and general physiological 
constraints (e.g. body size, temperature), may prove useful for other groups and 
applications. 
CONCLUSIONS 
Our study demonstrates how individual- and community-level data can be 
combined to identify important broad-scale trends in energy flux (Fig. 1). At the 
individual level, our analyses highlight both the robustness of MTE predictions with 
regard to the size- and temperature-scaling of metabolic rate, as well as the limitations 
of these predictions when applied to particular taxonomic groups (Table 1). Our 
broad-scale comparative approach also yields evidence of a temperature optimum in 
metabolic rate at ~33°C for many fish taxa (Fig. 2), and thereby reinforces and 
extends previous work suggesting that at least some tropical reef fishes are already 
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experiencing temperatures near their thermal optima. At the community level, our 
study highlights the importance and utility of size correction to assess broad-scale 
gradients in energy flux within and among trophic levels and communities (Fig. 3). 
Accounting for size in this way reveals striking differences in trophic structure among 
communities in different oceanic regions (Fig. 4). Finally, by quantifying community- 
level energy flux, our approach yields important constraints on ecosystem dynamics 
(Fig. 5). 
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705 
706 
707 
708 
709 
710 
711 
] ]712 
713 
]714 
715 
716 
Parameter Estimate 2.5% CI 97.5% CI 
Fixed effects 
Size,  0.760 0.676 0.843 
Activation energy, 	
 (eV) 0.580 0.429 0.832 
Normalisation, ln//////// (g C g-0.761 d-1) -5.726 -5.969 -5.359
Temperature optimum,  (K) 306.357 301.849 313.638 
Inactivation energy, 	 (eV) 2.060 1.288 3.098 
717 
Table 1 Point estimates and 95% credible intervals (as determined using Bayesian 
methods) of fitted parameters for the parsimonious model (model F2 in Table S1.1). 
Fixed-effects parameters include:		, the (family-level) average for the mass- 
dependence of metabolic rate; 	
, the average for the temperature dependence of 
metabolic rate; ln////////, the average for the size-corrected metabolic rate at 
temperature  = 20°C; , the temperature optimum of fish metabolism; and 	, the 
inactivation energy describing the exponential decay of metabolic rates past . 
When fitting the model using Bayesian methods, rather than estimating 	
 directly, 
we instead estimated the transformed quantity 	
, where 	
  	⁄H1	 ^_	
I, to 
ensure convergence of , which requires that 	 > 	
. Fixed and random-effects 
parameters expressed as 	
 as well as standard deviations and associated covariance 
terms for the random effects are presented on Table S1.3. 
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FIGURE LEGENDS 
Figure 1 Scaling from individual-level metabolic rate () to total community-level 
respiration (;). Individual-level rates (lower graphs) exhibit sub-linear power- 
function scaling with body mass (), implying that the scaling exponent  is S 1 
and that respiratory capacity (graphed as mitochondria) per unit body mass declines 
as size increases. Effects of temperature on rates are exponential well below the 
optimum. In the hypothetical example, ATP turnover per mitochondrion (spirals) 
doubles from 20˚C (blue) to 28˚C (red). Community-level flux (upper graphs) is 
similar despite the fact that communities differ in number of individuals (:), standing 
biomass (), size-corrected biomass (〈)〉) and temperature. From left to 
right, the first and second communities differ in size structure, but are very similar in 
〈)〉 and environmental temperature (20˚C), therefore equivalent in 
respiration. The third community has low  , but is found at 28˚C, and therefore 
respires similarly. Equations 2–5 are detailed in methods. 
Figure 2 Scaling of routine metabolic rates of fish with respect to (a) body size and 
(b) and temperature. Parameter estimates (listed in Table 1) were obtained using 
Bayesian methods. The effect of temperature on routine metabolic rate was controlled 
for in (a) by standardising the temperature measures, T (in K), to  = 293.15 K (= 
20˚C) based on family-level temperature scaling relationships, where k is the 
Boltzmann constant (8.62 X 10
-5
 eV K
-1
). The effect of body mass was controlled for 
in (b) by standardising measures to 1 gram based on the family-level size scaling 
relationships. The size- corrected rate at temperature Tc, ln //////// = -5.73 g C g-0.76 
d
-1
, corresponds to an average across families.
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Figure 3 Relationships of size-corrected biomass of planktivores to (a) pelagic net 
primary production and (b) time-averaged temperature kinetics. (c) Estimated fraction 
of pelagic net primary productivity respired by piscivores plotted as a function of 
mean annual temperature. The fitted models and associated statistics depicted in the 
figure were estimated using multivariate (in a and b) and bivariate (in c) OLS 
regression, excluding six exceptionally turbid sites (Appendix) denoted by ‘X’ (n = 
42 sites). Model intercept in (a–b) corresponds to a community receiving 200 g C m
2 
d
-1
 at 20˚C. Colors are used to denote sites in different regions: South Pacific
(yellow), Central Pacific (light blue), South-eastern Pacific (black), Tropical Eastern 
Pacific (purple), Caribbean (orange), South-western Atlantic (green), South-western 
Atlantic oceanic islands (blue), Tropical Eastern Atlantic (red). Coral-dominated reefs 
are depicted as circles, and rock-dominated reefs are depicted as squares. 
Figure 4 Average trophic-specific log-ratios of (a) standing biomass and (b) size- 
corrected biomass in different biogeographic regions. Means of each trophic group 
were calculated using MANOVA. Numbers on top of the bars indicate the number of 
sites sampled in each biogeographic region. Only ratios higher than 10% are labelled. 
Figure 5 Relationships of mean annual sea surface temperature to total estimated 
respiratory flux of fish communities. The fitted dashed line and associated statistics 
were estimated using OLS regression (n = 49 sites). The fitted slope implies a ~2.3- 
fold increase in rates from 22°C to 28°C (i.e. e
0.14×(28 - 22)
 ≈ 2.3). Colors are used to 
denote sites in different regions: South Pacific (yellow), Central Pacific (light blue), 
South-eastern Pacific (black), Tropical Eastern Pacific (purple), Caribbean (orange), 
South-western Atlantic (green), South-western Atlantic oceanic islands (blue), 
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Tropical Eastern Atlantic (red). Coral-dominated reefs are depicted as circles, and 
rock-dominated reefs are depicted as squares. Statistical uncertainties in our estimates 
for the size- and temperature-scaling of fish metabolic rates introduced errors of 
negligible magnitude into our community-level estimates of total respiratory flux 
(represented by 95% CI bars in the figure).
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